AD-A257 137 2
L

OFFICE OF NAVAL RESEARCH
GRANT: NO00014-80=J-1796

R&T CODE: 4131054
Technical Report No. 8

Adhesion in Atomic Scale Metal Contacts

by

DTIC L. C. Wang and H. J. Kreuzer

ELECTE U. Dlirig and 0. Zuger
0CT291992 §

A

To be published in

"pPhysical Review Letters"

Department of Physics, Dalhousie University
Halifax, Nova Scotia, Canada B3H 3J5

Reproduction in whole or in part is permitted for any purpose
of the United States Government.

This document has been approved for public release and sale; its
distribution is unlimited.

N\ 92-28459
§ TR,

9% 1n 92 079




L .

form Approved

-y~ REPORT DOCUMENTATION PAGE e e oroeras ©

i /

STOTFSNRIIRT CUTUT A LIUECTIOA ST AIIMALCA 4 MUMAtET "3 IverAJE | T0Ur D€ (EI00ME. ACIUGING tRE UIME ‘Of FEVIEWIAG (NILTLCTIONS, warcr:-'w eusting 34t :Ohffﬂ
3PS SHATHAAG TNE 131 1€2AED. ING I IMTIRNUNG ING e idw.rg TNE (31IECTIAN OF ATQrMATIGN  SeNa COmmMents “egaraing this duraen estimate r v stner ;’:C’..ﬂ)’ n:
TONOMAUIA ATLIAT SUGSRINONY B “2TLUNG Iy Ju/BEn 1T VISPINGION ~EA00UIITEN Services. Jirectdrate or n1armauon Joesatans ang Eoom.’ rrenss

wav Jwte "I03 Ainegean J3 122013302 sna 20 the Jrtce ot ‘Aanagement and Suage’. 210€rwaory Aeductian 2roject;0704-)188), Masmngeon 3C 20503,

2o 3T

1. AGENCY JSE ONLY .Laive Janx; | :. RESGRT OATE 3. REPORT TYPE AND DATES COVERED
October 6, 1992 Technical Renort !
2. TiTLE AND SUBTITLE S. FUNDING NUMBERS
Adhesion in Atomic Scale Metal Contacts G: N0CQ0l4-80-J-1796

3. AUTHCR(S)

L. C. Wang and H. J. Kreuzer
U. Dirig and Zuger

~ 35IFCRAMING ORGANIZATICN NAME S, AND SODRESSIES 3. PEIFCAMING ORGANIZATICN
_ISIETRM i Sh 33ES; REPGRT NUMBER

Dalhousie University, Department of Physics
dalifax, N.S.

Canada B3H 373 ‘ 8
3. SFONSCRING. MCNITCRING 2GENCY NAMESS, ZND ODRESSIES "0. SPONSCRING MIONITGRING ;
Offica of V¥aval Research Dept. of Navy, ONR, Res. Rep. AGENCY REPCRT NUMBER

3C0 M. QUiD.C:f Straet Ohic Stata Unix,g:sig:f !
Arlingrton, VA I2217-5000 Researzh Cencar !
U.5.A. 1314 Xinnear Road, Rocm 313

Columbus, OH 43242-1194, 7Sa

11, JUPOLEIMENTARY NCTES

Submitted to Physical Review Letters

122 ISTRIBUTICN AVALASILTY STATEMENT 128, J1ISTRIBUTICN Z2C¢

aporoved for public ralsase; distribution unlimited

13, A8STRACT (Maximum (70 weras;
The adhesion interaction of an Ir tip with Ir and Al surfaces has been

investigated using the scanning tunneling microscope. Qualitative differences
in the adhesion characteristics have been observed. A cluster model based on
effective pair-potentials has been set up to understand adhesion in atomic scale
contacts. The model calculation provides a semi-quantitative explanation of the
experimental data. In particular it is shown that subtle differences of the
atcemic interaction potentials have a significant effect on the contact mechanics.

14 SUBJETT TERMS 15. NUMBER CF ?aGeS

Adhesion, Metal Contacts 6. PRICZ COOE

17. SECJRITY CLASSIFICATICN |18, SECURITY CLASSIFICATION ]19. SECURITY CLASSIFICATION [ 20. LIMITATION OF A8STRACT
GF REPORT OF THIS PAGE OF A8STRACT
Unclassified Unmlasgifiad Unclagsified Su_iimitatio
= ™ T stancard ;orm 298 'RQV 2"39\
NN T320437.290-3300 Srescrioed 3v AND Sta Z)\’-'!
198.°02

e



bt o8 = o4

Adhesion in Atomic Scale Metal Contacts

U. Dirig and O. Ziger
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Abstract: The adhesion interaction of an Ir tip with Ir and.Al surfaces has been
investigated using the scanning tunncling microscope. Qualitative differences in the
adhesion characteristics have been observed. A cluster model based on cffective
pair-potentials has been sct up to understand adhesion in atomic scale contacts.
The model calculation provide.s a semi-quantitative explanation of the experimental
data. In particular it is shown that subtlc differences of the atomic interaction

potentials have a significant effect on the contact mechanics.
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The study of metallic adhesion has a long history yct our understanding of
atomic scale processes is still sketchy [1]. Valuablc tnsight has been provided by
recent molecular dynamics simulations [2] but very little is known experimentaily
about the short-range chemical adhesion interaction which is responsible for the
metallic bonding in the contact zone.

In this letter we focus on the interaction between a very sharp metal tip and
a flat metal surface. The interaction is investigated experimentally using an
ordinary scannming tunneling microscope (STM) with a cantilever spring (CB) as
sample stag:c. The tip of the STM serves simultaneously as a force probe and for
tunneling. The latter is exploited to establish a well-defined distance between
probe tip and sampile. Direct measurement of the tip-sample force is difficult
because stiff CBs must be employed to prevent instabilities of the gap. The force
gradient, VF, on the other nand, is readily detected by meéns of a dynamic
measurement {3]. The basic principle is that the force gradient couples the tip to
the CB causing the resonance frequency of the CB to shift in proportion to VF.

Experiments  were  couducted under ultrahigh vacuum coanditions
(p < 3x107%0 mbar). Tunneling tips were made of mechanically sharpened Ir
wire. Final tip forming was performed in sizu. Ir samples were preparcd by
extensively sputter cleaning the surface of CBs made of polycrystalline It sheet
metal. Typical length, width, and thickness of the beams were 5 mm, 0.5 mm aud
50 um, respectively, yielding a resonance f{requency of ~1.5kHz. The spring
constant — typically on the order of 100 Nm™' - was adjusted by positioning the
tip between the clamped and the frec cnd of the CB which had a nominal spring
constant of =50 Nm~.. Al samples were prepared by condensing thin films
(=1000 A) onto a substrate Ir-CB at room temperature and a base pressure of

p<5x 107 mbar [4].




The interaction force gradient was measured as a function of tip-sample
distance, z, defined as the displacement of the tip with respect to a reference
position characterized by a specific value of the tunnel resistance,
Ry = IO7Q/ 103Q for the Ir and Al sampies, respectively. With the tip at the
reference positién, the feedback loop which adjusts for a constant tunneling
current was interrupted and the tip was ramped towards the surface at a rate of
~1 As7l. The tunneling current and the resonance frequency were simultaneously
recorded during approach. In order to prevent accidental touching of thé surface
the tip was rapidly retracted to the reference position as soon as the tunncling
resistance dropped below ~100kQ. After each approach cycle the feedback loop
was turned on for 100 ms to compensate for possivle drifts.

The results of the expcriments are summarized in Fig. . Each curve
represents an average of 64 approach cycles. Interaction force gradients measured
on the Ir sample are negative and rapidly increasc in magnitude as z approaches
~ —2.6 A which is the maximum tip excursion aliowed by the tunnel resistance
constraint. The observed adhesion characteristics are roughly consistent with the
concepts of universal adhesion developed by Rose et al. [5,6]. [In a separatc
experiment the tunnel resistance limit was ignored in order to probe the contact
regime. At z~ —2.7A the tumnel resistance abruptly drops by one order of
magnitude and subsequently levels off at ~10kQ. Wec werc not able to measure
interaction force gradients reliably in this regime. In addition hysteresis effects
were observed which point to irreversible changes of the atomic structure of the
tip or the sample surface. The tunnel resistance curve for z < —2.6 A is therefore
complemcrited by one representative example. Adhesion as well as tunnel
resiStance cnaracteristics for the Al sample are distinctively different. At large

tip-sample distance the interaction force gradient is negative, similar to the Ir




sample, but its magnitude does mot increase monotonically with decreasing gap
width. Instead, a2 minimum is observed and eventually the force gradient even
becomes positive. Exponential tunncl resistance characteristics are observed in the
regirae of negative interaction force gradients. Simultaneously with the force
gradient becoming positive the tunnel resistance curve levels off and approaches a
value of ~100 k0. No indication of a discontinuity in the the tunncl resistance at
small gap widths can be discerncd. However, the tunneling current was
significantly less stabie for the Al sarples than {or the Ir samples.

To understand adhesion in atomic scale metal countacts, we have set up a
cluster model to calculate the forces betwesn a metal tip and a flat metal surface.
The surface is that of a thres-iaver cluster of hexagonal symmetry with a2 total of
211 atoms. The tip consists of a base layer of 48 atoms, a secoud layer of 12
atoms and a single additionai atom on top of that. Clusters of this size cannot be
treated ab initio at present, so the semi-empirical embedded ztom method is &g
atiractive alternative [7]. Unfortunately, the reievant parameters for Ir have not
been determined as yet. We therefore resort to a model in which the total energy
is calculated by summing nearest neighbor two-body interactions. For this we
coulé¢ use the imteraction between :wo isolated atoms, calculated by some
first-principles method. Summing such (pure) two-dbody interactions to obtain the
energy of large clusters would, however, ignore all many-body cffects in metals.
We therefore dctermine effective nearest neighbor interactions by calculating
smaller clusters comsisting of seven atoms amranged in two parallel triangles with
the seventh atom in between. To get the effective interaction energy between two

like atorus, we assume all distances, 4, in the cluster to be the same and define

Vm-—m(d) = —é'(E-; — 2B — El) (1)




where E, is the total electronic energy of a cluster consisting of n atoms. To get
the effective two-body interaction between two different metals, we take a
tetrahedral cluster of the first metal interacting with a triangular cluster of the

second metal at a distance 4 from the tip of the tetrahedron and define

{ m
Vg =@ = 5 (B — E{™ — E[™) . )

(V3]

The bond lengths in the individual clusters are adjusted to minimize the
respective 'energics, thus obtaining their respective equiiibrium geometries. For the
calculation of (1) and (2) we have used the ASED-MOQO method, a semi-empiricai
tight-binding model with matrix elements cajculated in an extended Hickel scheme
[8]- In Fig. 2 we plot (1) and (2) rescaling the cnergy, V¥, and the distance, d, by
the respective values at the potential minimum. The Ir-Ir potential (sofid line) falls
off exponentially with a decay constant as expected {rom universality theory [3].
It is important for our present study that the AL-Al potential (dotted line) is
different. In particular, it falls off much more slowly with decay constants varying
with distance, features that cannot bec recoriciled within the concept of
universality. Similar behavior has been found in an earlier calculation [9]. The
rescaled pdtem:ial for the Ir-Al interaction (dashed line) is qualitatively .similar to
the Al-Al potential except that it decays more rapidly at large separations. To
test the reliability of the ASED-MO method, we have calculated the Al-Al
interaction (1) using spin density functional theory with both local and nonlocal
‘approximations to the exchange and correlation energy [10]. As expected, we find
a smaller binding eunergy for the Al-Al system but the rescaled curve is in very
good agrecment with the ASED-MO results. As a final check on the quality of

the effective two-body interaction (I) as determined by the ASED-MO method,
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we calculatc the energy of a large cluster of up to 211 metal atoms by summing
nearest neighbor interactions pairwise and minimizing the lattice constant. For the
latter we typically achieve agreement with experimental values of within 0.05 A.

In the first set of calculations of the interaction energies and the force
gradients between an Ir tip and a planar [r and Al sur"face, we kept the [attice
spacings in both clusters at their equilibrium positions, see dashed curves in
Fig. 3. Note that the nominal gap width Z measures the distance betwesn the
apex atom and the top atomic layer of the sample. The nominal gap width minus
a constant offset corrcsponds to the experimental tip excursion scale z. The
experimental data (Fig. 1) is reproduced rather well for the [r surface. However,
the calculated force gradient of the Al surface deviates significantlv from the
measured data: being in particular, one order of magnitude too {arge (right-hand
scale in Fig. 3b). Good qualitative agreement is achieved by replacing the Ir
atom at the apex of the tip by an Al atom (dotted curve). It is conceivabie that
the tip accidentally touched the Al suiface in the course of the experiment and
that some Al atoms were picked up by the tip (note that the tunneling current
exhibited substantial fluctuations with the Al samples). The measured force
gradient is slightly larger than that predicted by the model calculation. The
discrepancy can be explained by the fact that thc latter assumes a single atom tip
whereas such a perfect tip geometry was most likely not achieved in the
experiment.

In the second calculation the positions of the tip and sample atoms are
aliowed to relax in response to the interaction forces that keep the base layers of
each cluster fixed. Tip and surface relaxations along the tip axis are shown in
Fig. 4 as solid and dashed curves, respectivelv. Relaxation causes the actual gap

width, defined as thbe average separation betwcen the tip atom and the nearest




atoms in the surface, to decrease mecre rapidly than Z. Correspondingly the force
gradient curves also change as shown by the solid curves in Fig. 3. Relaxation
effects are particularly pronounced for the Ir-Ir system (Fig. 4a). At the ouset of
making contact, the apex atom on the tip has moved towards the surface by as

much as 0.5 A with a smaller upward motion of the surface atoms under the tip.
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metallic bridge. This sudden change explains why the tunncling resistance drops
abruptly at very small gap widths.

For the Al-coated Ir tip approaching an Al surface, much smaller force
gradients are obtained as a comsequence of the.pccuiiarity of the Al-Al potential,
see Fig. 2. Correspondingly, relaxation of the atomic positions (Fig. 4b) is
substantially smaller; it does not exceed g tenth of an angstrom. Note that the
outwards motion of the apex and surfacc atoms is reversed when the force
gradieat is positive. This feature siabilizes the gap to a certain degree. A stesp
rise of the atomic displacements is also obtamned. The discontinuity is not nearly
as dramatic as for the Ir-Ir system and it occurs much closer to the equilibrivm
position where atomic displaccments become zcro again. No evidence for a jump
to contact was observed in the experiment, huwever, and this might be explained

by the smaliness of the atomic displacements.

As a final point we should comment on the fact that the distance scale of
the theoretical torce gradients 1S smaller than the experimental qata by aoout a

factor of 1.5. We can ses two reasons for this discrepancy. (i) Qur cffective
nearest neighbor intcractions account well for only the short-ranged interactions,
but should be modified at large separations by a more siowly varying dispersion

like force. (i) Our model calculation assumes close-packed surfaces whereas
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polycrystalline samples were investigated in the experiment and hence the surfaces
of the samples were not perfectly smooth on an atomic scale. Therefore the actual
gap width fluctuates slightly depcnding on the iateral tip position which in tumn
leads to a broadening of the measured force gradient curves.

In summary qualitative diffcrences in the adhesion interaction of an Ir tip
with Ir and Al surfaces have been observed eXperimeutaIIyt They can be
understood to arise {§) from small deviations from universality in the effective
nearest neighbor interaction and (if) from the deformation of the lattice as the tip
approaches. There is a direct correlation betwecn the interaction force gradient
and these distortions which in turn determine the formation of an atomic scale
contact. Our model calculations provide a semi-guantitative explanation of the
experimental data. We have discussed the reasous for small discrepancies.
Improvements can be made by setting up (vastly more complicated and less
transparent) af initio cluster calculations that account for manv-body aad

long-range interactions.
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Figure Captions .

Fig. 1:
[ateraction force gradient VF and tunnel resistance Ry versus tip displacement :
measured with the STM using an Ir tip and (&) polycrystalline Ir (b)

polycrystalline Al as sample.

Fig. 2:

Rescaled nearest neighbor interactions. Solid line: TIr-Ir  potentizl with
Dy = .2.68 . Dashea  line: Ir-Al  potential with
Veq=—0377eV, D =2.50A. Dotted Tlne: Al-Al potential with

Veg=—0258¢V, Dy =291 A,

Fig. 3:
Force gradients, dashed and dotted lines without rclaxation and solid lines with
relaxation. (a) Ir tip above an Ir surface. (b) Ir tip with an Al atom at its apex

above an Al surface; dotted line for a clean [r tip {aote change in scaie).

Fig. 4:
Tip {solid lines) and surface (dashed lincs) relaxations for (a) the Ir-Ir and (b) the

Ir(AD)-Al systems.
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